ABSTRACT. The effectiveness of structural health monitoring via ultrasonic methods is seriously compromised by changing environmental conditions such as temperature.
INTRODUCTION
Ultrasonic structural health monitoring can be an effective technique as it can be used to interrogate large areas of a structure with a relatively small number of transducers [1] . Furthermore, each sensor can function in the capacity of actuator as well as receiver. A number of methods have been successfully proposed for detecting damage utilizing guided ultrasonic waves [2] [3] [4] . The configuration can be such that a narrowband signal is sent from one transducer and received at either the same transducer (pulseecho) or a different transducer (through transmission). However, as the structures become more complex, there is increased difficulty in separating reflections originating from defects and those from the structural features. Moreover, some structures do not support guided waves, thereby precluding the use of these techniques.
An alternative is to generate a broadband, ultrasonic pulse in the specimen and allow it to propagate throughout the entire structure. The multiple reflections and superpositions of wave modes are what comprise the complex diffuse-like wave incident at the receiving transducer. While these complex signals are very sensitive to material changes such as damage, they are also affected by non material-specific disturbances [5, 6] . Such factors include movement of the transducers, variations in coupling conditions, electronic noise, and environmental changes such as temperature variations. The first three can be removed by permanently attaching the transducers and averaging multiple received signals. The effects of uniform temperature changes on diffuse ultrasonic waves, as well as efforts to minimize said effects, have been examined [5, [7] [8] [9] . It has been demonstrated that the primary effect of a temperature change is a timedependent time delay, and the secondary effect is that of signal distortion. These effects are due to thermal expansion of the material and changes in the longitudinal and shear wave velocities.
Whereas the consequences of uniform temperature change are well-understood, such is not the case with regard to the effects of thermal gradients, which may be interpreted as damage. This study therefore attempts to distinguish thermal gradients from homogeneous temperature changes using only the received ultrasonic signals. This effort is a first step in discriminating thermal gradients from damage.
MEASUREMENTS
Measurements were carried out on a 610 mm x 610 mm x 4.76 mm aluminum (alloy 6061) plate (Figure 1 ), which included deliberate damage from previous experiments. The first, a removed portion of the plate about 1.2 mm deep and 30 mm in diameter, was meant to simulate corrosion. The second was a 6 mm diameter hole, and the third, simulating a crack, was a 9.5 mm notch originating from the left side of the hole. This was considered the baseline condition of the plate for the experiments. Two custom-built transducers were permanently mounted on the plate. They were fabricated from 12.5 mm diameter, 2.25 MHz PZT discs that were enclosed in a housing, backed with epoxy, and bonded to the plate with conductive epoxy. Transducer 1 was excited using a commercial spike mode pulser receiver. Signals were digitized for 4000 [xs at 12.5 MHz, and the recorded waveform was the average of 50 signals, which improved the signal-to-noise ratio.
The first stage of the experiment involved recording the waveforms during a quasistatic heating and cooling cycle with the use of a heating pad and an ice pack. The plate was insulated so as to reduce any random thermal fluctuations and, as much as possible, achieve a uniform temperature profile across the specimen. In the second stage, a heat gun was employed to heat a small area of the plate between the two transducers. Ultrasonic signals were recorded during cooling until steady state conditions were achieved; the temperature at the heat application point was also recorded. In both cases, the temperature was measured using a Fluke 16 multi-meter with an integral probe.
ANALYSIS
The analysis strategy involves calculating four differential parameters between a signal and a baseline and then evaluating their ability to distinguish a thermal gradient from a homogeneous temperature change. The first error parameter, E\, is the squared error; the second parameter, E2, is the drop in the correlation coefficient; the third, E% is the loss in local temporal coherence; and the fourth, £4, is the standard deviation of the time-dependent time delay. The squared error is given by, The local temporal coherence gives a measure of the similarity in shape of two signals [5] , and makes use of the short-time cross correlation to do so. The short-time cross correlation is obtained from the product of two signals as a window of length T simultaneously slides along each, and is given mathematically by.
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where T is the cross correlation lag time and w{t) is a rectangular windowing function. This result is then normalized by the peak autocorrelation of each signal for the same time window to obtain the local temporal coherence.
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The maximum value of the local temporal coherence will be unity for two signals of the same shape, regardless of each signal's amplitude. Thus, across time, the maximum of the absolute value of the coherence will give a measure of how identical the shapes are as a function of time. This peak coherence function.
C"(0=maxr^(2",0l
can then be employed to calculate the loss in coherence.
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where Cny is the average peak coherence. This parameter thus provides a quantitative measure of the difference in shape of two signals.
The fourth parameter, which makes use of the phase information, is given by.
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where T(«) is the time delay at time index n (i.e., lag of the local cross correlation), and f is the linear fit of time delay vs. time. As previously indicated, there are two main effects of temperature change. The time-dependent time delay is characterized via the lag of the local cross correlation, T(«), and signal distortion is characterized by the peak coherence, Cxy(/)-These two measures were applied for homogeneous and thermal gradient cases at various temperatures. Figure 2 depicts a typical response for an equivalent peak temperature difference. 
RESULTS
For both the homogeneous and gradient cases. Figure 2 shows that there is significant distortion as a function of time, and that the time delay versus time curve is hnear. This behavior is well-known for a homogeneous temperature change [7, 9] , and the distortion is not surprising for the gradient data. However, the linear time delay versus time behavior is significant in terms of the gradient data, and indicates that one can use the slope of this curve to detect and quantify a temperature change, be it homogeneous or gradient. Figure 3 portrays this response relative to a baseline at 24°C. While the homogeneous delay slope exhibits a linear relationship in relation to temperature change, the thermal gradient response is non-linear. Previous work [7] has indicated that the relationship of the time delay with temperature variation is not a function of damage but of the material properties. In the case of the thermal gradient, the temperature was measured at the heat application, or peak temperature, point. The data suggest that the delay slope represents the average temperature change of the material. The results of Figure 3 indicate that immediately after heat is applied, the average temperature of the plate does not change appreciably, which is consistent with initial thermal diffusion. However, when the conditions were such that temperature distribution in the plate was close to homogeneous, the thermal gradient slope more closely resembled that of the quasi-static data, as in the case wherein the plate was undergoing primarily overall, uniform cooling.
Considering that the time delay slope is representative of the mean temperature difference, we thus consider the behavior of the four error measures against the time delay slope to discriminate a homogeneous temperature change from a thermal gradient. The experimental data are shown in Figures 4-7 . For the squared error (Fig. 4) , although the curves do not intermingle, there is no clear separation, especially considering that for higher values of delay slope the curves seem set to intersect. For the drop in the correlation coefficient (Fig. 5) , there is no separation as the values are interspersed. The loss in coherence (Fig. 6 ) and the standard deviation of the time-dependent time-delay (Fig. 7) both show separation for bigger slope values, while remaining intermingled for smaller slope values where temperatures approach homogeneous conditions. 
SUMMARY AND CONCLUSIONS
A procedure for separating a homogeneous temperature change from a thermal gradient has been developed. Fundamental to this endeavor has been the use of phase information obtained from long-time diffuse wave signals. The experimental data suggest that the slope of the local time delay vs. time curve can be used to ultrasonically characterize the average temperature change relative to a homogeneous baseline.
Four metrics aimed at differentiating a homogeneous temperature change from a thermal gradient have been considered. While the sum of the squared error and the drop in correlation coefficient were not effective, the loss in local temporal coherence and the standard deviation of the time-shift were found to be effective for discriminating a homogeneous temperature change from a thermal gradient. This is a significant step towards implementing improved methods for flaw detection in the presence of changing environmental conditions.
